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Atmospheric waves can be generated by tropospheric sources
such as earthquakes and explosions, causing significant disturbances in the upper atmosphere and ionosphere, where radio
wave communications take place. For this analysis, they will be
separated into two sub-groups called acoustic waves and gravity waves. Because each of these waves have unique frequency
ranges, they can be observed and measured in order to determine their source type and location. Past studies attempted to
build the connections between these waves with severe storms
and earthquakes, which have improved our understanding of
their complexity. Because of the complex nature of these waves,
simplified numerical models are used to identify their sources
and study their propagation and impacts throughout the atmosphere.

1. Introduction
Acoustic waves and gravity waves are reflected by the fluctuations in air densities, temperature, and winds. They can
propagate vertically and/or horizontally because the atmosphere is a stably stratified fluid and can therefore support
wave motion. When there is a vertical displacement in the
air flow (due to convection or when wind encounters certain topography, e.g., mountains) gravity waves can be generated, which have periods ranging from ∼5 minutes up to
∼12 hours (Nappo, 2013). They transport momentum and
energy from the troposphere to the upper atmosphere where
they get deposited, affecting the background wind and temperature in the region. Therefore, investigating their propagation and impact is of great significance to understanding the
Earth’s atmosphere. This analysis will focus on two regions
of the upper atmosphere where atmospheric waves are detected. The first is the mesopause region, which is the boundary between the mesosphere and the thermosphere and has
an altitude range of ∼80 km - 105 km. Signal amplitudes
here are 2-3 orders of magnitude larger than on the ground
(Bittner et al., 2010).
The other is the ionosphere, which starts around the
mesopause region and goes into the exosphere, ∼800 km altitude. The ionosphere has some inherent problems pertaining to the study of atmospheric waves. It is a highly irregular
and variable medium because the number of charged particles
within vary considerably based on solar activity, day/night
conditions, the season, latitude, and the altitude (Astafyeva,
2019). Once atmospheric waves reach the ionosphere, they
become what Inchin et al. 2021 calls coseismic ionospheric
disturbances (CID), and what Astafyeva 2019 calls traveling
ionospheric disturbances (TID).
Acoustic waves (AW) have a sub-audible frequency that
is often called infrasound, and have a frequency range from

Fig. 1. Frequency and period ranges for acoustic and gravity waves. The frequency ωa is commonly called “the acoustic cutoff frequency” indicating that acoustic waves with ω > ωa propagate through the atmosphere. The frequency ωb is the
Brunt- Väisälä frequency (or buoyancy frequency). Waves with frequencies below
the ωb are the gravity waves. In the lower atmosphere, the acoustic cutoff frequency is typically 3.3 mHz, and ωb is 2.9 mHz. Waves with frequencies ωb <
ω < ωa (shaded rectangle) are called evanescent waves and can only propagate
horizontally. Astafyeva, 2019.

0.05 seconds to ∼5 minutes. Tropospheric sources of acoustic waves include earthquakes, tsunamis, volcanic eruptions,
severe weather, and rocket launches/explosions (Bittner et
al., 2010). From these sources, acoustic waves travel toward
the upper atmosphere with increasing amplitude, taking ∼5
minutes to reach the mesopause region. The biggest difference between acoustic waves and gravity waves is their period/frequency range, where acoustic waves have shorter periods/higher frequencies compared to gravity waves and their
frequencies are separated by the Brunt-Väisälä frequency
(Figure 1).
One method for measuring infrasound near the earth’s
surface is to use microbarometers. This was the principal
method for measuring acoustic waves associated with massive storm systems during the 1950’s and 1960’s. For reasons
discussed later in this analysis, this was a fairly inaccurate
method with too many unknown variables. Many of these
variables would be negligible if measurements were made
higher in the atmosphere (Bowman et al., 1971).
Measuring infrasound in the upper atmosphere has inherent challenges. This region is too high for aircraft or balloons to reach, and the use of rockets would be too localized
and expensive. Satellites also do not have the proper spatial
resolution to measure infrasound (Bittner et al., 2010). This
leaves us with two relatively convenient techniques to indirectly measure acoustic waves in the upper atmosphere.
The first method detects changes in the brightness of
upper atmosphere airglow emissions, such as hydroxyl (OH,
layer altitude ∼87 km). Infrared imagers, such as the GRIPS
(Ground-based Infrared P-branch Spectrometer) which is operated by the German Remote Sensing Data Center of the
German Aerospace Center, calculate temperatures in the
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Fig. 2. Concept of infrasound generation and propagation, its impact on the mesospheric hydroxyl layer and the resulting radiation measured by the ground based infrared
spectrometer GRIPS. Bittner et al. 2010.

mesopause region from the hydroxyl airglow emissions (Figure 2). Acoustic waves from tropospheric sources cause
pressure fluctuations that in turn cause temperature perturbations. This comes from a wave induced compression cycle
that causes a temperature increase T‘, which is given as
T‘ =

u
c

(γ-1)T

where c is the sound velocity, u is the particle velocity, γ
is the specific heat ratio, and T is the ambient temperature.
However, complex image processing, such as filtering, is necessary to discriminate between acoustic waves and gravity
waves in the airglow data (Bittner et al., 2010).
The second method involves measuring the Total Electron Content (TEC) via fluctuations in Global Positioning
System (GPS) signals. This type of measurement is used primarily for acoustic waves generated by earthquakes. TECs
are a representation of the integrated number of free electrons
along the line-of-site (LOS) between a GPS satellite and a
receiver (Figure 3). Measurements of the group delays and
phase advances of GPS signals are what TECs are based on.
As acoustic waves propagate upward, the air particles interact
with plasma in the ionosphere which creates fluctuations that
are then detected by the analyses of GPS signals. One reason TEC measurement is often used to detect acoustic waves
is because of the growing number of ground-based GPS receivers which provide hundreds to thousands of LOS with
GPS satellites. However, TEC proves to give insufficient interpretations when measured at far distances from the source.
Adding to the complexity of these measurements is the inclusion of other variables, such as those from the Earth’s interior
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and atmosphere (Inchin et al., 2021).
The overarching goal of this research is to use the measurements of infrasound waves to detect tropospheric phenomenon, explosions, tornados, and earthquakes. The remainder of this analysis is organized as follows: Section 2
will discuss the different sources of acoustic waves and the
theory behind their generation and propagation. Past studies
on acoustic waves and their shortcomings are given in Section
3, followed by numerical models and simulations in Section
4. Section 5 will present the challenges and future prospects
from studying acoustic waves in the upper atmosphere.

2. Sources of Acoustic Waves
As mentioned earlier, acoustic waves are primarily created
by tropospheric sources such as earthquakes, volcanic eruptions, tsunamis, severe weather, rocket launches and explosions. These sources can be characterized as “continuous”
(Bittner et al., 2010) or “impulsive” (Astafyeva, 2019). Per
Snively et al. 2013, impulsive forces are described as coming
from a source that is defined by “a simple vertical acceleration.” This means it takes the form of a Gaussian,
A = A0 e[−(r−r0 )

2

/(2s2r )−(z−z0 )2 /(2s2z )−(t−t0 )2 /(2s2t ) ]

where A0 is the peak acceleration, σr and σz are horizontal
and vertical standard deviations, respectively, and σt is the
temporal standard deviation. For Snively’s case study, the
source was placed at r0 = 0 km, and z0 = 12 km. It is also
mentioned that oscillatory forces tend to excite gravity waves
with little excitation of acoustic waves (Figure 4).
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Fig. 3. Schematic representation of earthquake-atmosphere-Ionosphere-coupled geophysical processes. Seismically induced infrasonic acoustic waves (IAWs), excited at
solid-air or water-air interfaces, propagate to the upper layers of atmosphere and generate Ionospheric plasma disturbances. These disturbances can be detected with TEC
observations that are based on the analyses of GPS signal degradation driven by Ionospheric plasma. TEC represents the total number of electrons along line-of-sight (LOS)
between GPS satellite and receiver. GPS, Global Positioning System. Inchin et al., 2021.

One of the reasons earthquakes are used to study acoustic waves is because they create surface deformations which
are well-known sources for acoustic waves (Inchin, 2021).
Pachon et al. 2018 describes this as “sudden vertical movement of the ground or the sea surface over an extensive source
area.” The complexity of earthquakes, however, creates other
challenges for studying them as an acoustic wave source. One
such challenge is a phenomenon known as rupture, when the
Earth’s crust slips during an earthquake. Such an event creates other acoustic waves that interfere with those created by
the earthquake (Inchin et al., 2021). Other challenges that
are associated with earthquakes will be discussed in the next
section.

3. Past Studies on Acoustic Waves
From 1961 to 1971, multiple studies were undertaken to
better understand acoustic waves created by tropospheric
sources, specifically severe thunderstorms. The 1971 paper
by Bowman et al. provides a good summary of what these
studies were and what they ultimately concluded. These
Schulthess
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experiments were performed by placing infrasonic microphones at different locations across the United States. These
infrasonic microphones were provided by the NOAA (National Oceanic and Atmospheric Administration) and were
not built to detect anything above 1 Hz. In their research,
acoustic waves had been measured many times in the 4-6
second period range and they argued that these waves were
associated with ocean waves. This led V. A. Krasilnikov to
call infrasound “the voice of the sea” and suggest that it could
be used for storm warning purposes.
Another experiment was conducted by Chrzanowski,
Young, and Marrett to relate infrasound with tornados where
they received acoustic energy for 7 hours. This led to the understanding that it was possible to distinguish types of acoustic signals based on the sources. However, for this study only
one station was used, making it impossible to locate where
the storm system was (Bowman et al., 1971).
In 1965, an additional observation was made by Goerke
and Woodward. An infrasonic station in Boulder, Colorado
received infrasonic signals for 1.5 hours and, during this time,
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Fig. 4. Distinction scheme for infrasonic sources using the parameters of sound amplitude, frequency and waveform. Bittner et al., 2010

the azimuthal angle at which the signals were coming from
changed by 60 degrees. This led to the conclusion that the
source was the leading edge of a local storm. They attempted
to utilize these data to map the potential storm path. However, comparisons between their predicted storm path with
local weather reports showed discrepancies (Figure 5). Like
in the previous experiment, they determined it was not possible to get an accurate location of the source with only one
infrasonic station (Bowman et al., 1971).
In 1969, Bowman used observations collected from
Washington, D.C. and Boulder, Colorado to compare infrasonic data and meteorological data to study the radiation of
infrasound by severe storms. But the data collected this time
at the two locations showed that they originated from the
same meteorological source. Some of the storms were classified as splitting storms, where the tops of the clouds penetrate the tropopause which then causes them to separate violently. One specific splitting storm that was studied happened
on June 8, 1969, between Cincinnati, Ohio and Washington,
D.C. This study related the cloud top splitting phenomenon
with infrasonic signal arrivals (Bowman et al., 1971).
One of the first times acoustic waves were observed
from an earthquake source was during the great Alaskan
earthquake of 1964, which had a magnitude of ∼9.0. The
source area for this earthquake was 800km x 100km for
the uplifted zone and 800km x 150km for the subsided
zone. When it occurred, there were multiple microbarographs along the California coast that recorded amplitude responses peaking at 3-5 minutes and decaying rapidly toward
shorter periods of 0.5 minutes (Pichon et al., 2018). The first
detection of ionospheric disturbances occurred at the Boulder
Doppler Sounder station, ∼15 minutes after the earthquake.
Multiple other ionosonde stations across the United States
recorded coseismic ionospheric disturbances that were gen-
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Fig. 5. Tracking of an individual storm system for the severe storm of 1965 July 25.
Bowman et al. 1971.

erated by the earthquake (Astafyeva, 2019).
Since then, similar observations have been made with
the 2004 Sumatra-Andaman earthquake, with a magnitude
of ∼9.2 (Pichon et al., 2018), and the 2016 Kaikoura earthquake, with a magnitude of ∼7.8 (Inchin et al., 2021). The
2021 study by Inchin et al. of the 2016 Kaikoura earthquake addressed some of the difficulties associated with using acoustic waves to locate the source of earthquakes. This
particular earthquake was extremely complex, with the exact
times of the fault rupture and the surface deformation being
unknown. Based on their simulations, they hypothesized that
the fault rupture happened at the same time as the surface deformation. Another complication is trying to determine what
kind of earthquake, i.e. tectonic, volcanic, collapse, or exploSchulthess
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sion, created the acoustic waves being studied.

4. Numerical Models/Simulations
Because experimental studies of acoustic waves are highly
complex, most studies are done with numerical models and
simulations. Of course, these are all simplified by ignoring
some variables, but they do present a good idea of what might
be happening with acoustic waves in the upper atmosphere.
Before the discussion on some of these numerical simulations, there are a couple of relevant terminologies that need
to be defined. The majority of these studies use what is called
an “f-wave finite model method,” (Snively, 2013). To put it
simply, this is a mathematical method that uses conservation
laws with spatially varying flux functions. The f-waves are
actually vectors that carry flux increments to solve for eigenvalues. It has been shown to be accurate to the second order and also works well with wave limiters at discontinuities
(Bale et al. 2002). Another simplification that most models
use is a cylindrically axisymmetric domain. This is used to
exclude the influence of wind on wave propagation (Snively,
2013).
One numerical model solves the Euler equations of conservation of mass, momentum, and energy, which supports
the steep propagation of acoustic waves. This makes it possible to include viscosity and thermal conduction but exclude
all other absorption processes. A Clawpack software package
was used to implement this model in Snively’s 2013 study. It
is also considered a photochemistry model because it solves
for OH vibrational emissions which then determines the perturbed OH densities. This is used to calculate the bandaveraged intensity of the OH(3,1) band (Snively, 2013).
A similar technique used to model the propagation of
infrasound is called ray-tracing. This involves using the
Hamilton equations of motion, which are solved using the
Hamiltonian Ray-Tracing Program for Acoustic Waves in the
Atmosphere (HARPA). Atmospheric background conditions
play an important role for this type of modeling to be accurate. These include pressure-profiles, temperature-profiles,
and wind-profiles between the sources and the region of interest. For the Bittner et al. 2010 study, they were able to use
a Mass Spectrometer and Incoherent Scatter Radar to represent the atmospheric temperature, and HWM-93 (Horizontal
Wind Model) to model the wind fields. In the same paper,
it also mentions other aspects of modeling that need to be
considered, including signal attenuation which is discussed
below. In their models, they found that the effect of horizontal wind on wave propagation was of secondary importance,
but not negligible. However, seasonal structures and zonal
wind were found to have a significant effect on wave propagation, meaning that for the HARPA model to be accurate, it
needs the exact date and time (Bittner et al., 2010).
One challenge that comes with most modeling investigations is trying to determine signal attenuation, specifically
from geometric spreading loss and atmospheric attenuation
loss (Figure 6). The reason these are problematic for data
analysis is because they cause temperature fluctuations by
increasing or decreasing the velocity of particles. GeometSchulthess
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ric spreading loss is when a signal gets weaker as it expands.
The two types of geometric spreading loss are called spherical loss, where the source is idealized as a point, and cylindrical loss, where the source is idealized as a line. These are
useful in trying to simplify signal attenuation, but in reality,
wave propagation resembles spherical spreading in the near
field and cylindrical spreading in the far field (Bittner et al.
2010).
Atmospheric attenuation loss is categorized into three
subsections: classical losses, diffusion losses, and relaxation
losses. These are all frequency dependent and increase with
altitude. Relaxation losses are found in the lower and middle
atmosphere, while classical losses dominate in the middle to
upper atmosphere. Diffusion losses only account for 0.3% of
total signal loss. All types of signal attenuation loss must be
considered while also including the increase in particle velocity due to decreasing atmospheric pressure (Bittner et al.,
2010).
In addition, another important part of modeling is having an algorithm that can recognize patterns. Such an algorithm allows for reliable identification of infrasound signals
when there are multiple sources. It does so by distinguishing
different signals using source characteristics such as sound
frequency, sound amplitude, and sound waveform.
With regards to sound frequency, each source has its
own characteristic frequency range. Frequencies associated
with explosions are yield dependent. Sources such as mountain associated infrasound waves, severe weather, and volcanic eruptions are all longer period signals. Short period
signals come from avalanches, sonic booms, and volcanic
tremors.
When considering signal amplitude, the range of infrasound signals can be as low as a few milli-Pascals—which
are nearly undetectable—to shock waves of a few thousand
Pascals. That being said, the most important variable to
consider when calculating amplitude is the distance from
the source. Infrasound signals with weak amplitude include
microbaroms, meteorites, sonic booms, and severe weather,
while signals with strong amplitude include volcanic, explosive, or eruptive activities.
The last parameter that is important for signal identification is the sound waveform. The issue with sound waveforms
is being able to tell the difference between impulsive signals
and continuous signals. This mainly comes down to the capabilities of the instruments being used (Bittner et al., 2010).
One benefit of the model simulation is it can be used for
different situations. A time-dependent, nonlinear, fully compressible, axisymmetric, f-plane, numerical model similar to
the one used in Snively’s 2013 paper, was used by Walterscheid et al. 2003 to look closer at acoustic waves generated
by deep tropical convection. In the model used by Walterscheid et al., they focused on the acoustic wave field directly
above the storm system, but at a relatively large distance compared to the size of the storm system. This allowed them to
simplify their model of the storm system and assume the energy is released by the storm in a cylindrical region comparable to the size of the storm in an amount of time similar
bioRχiv
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Fig. 6. A typical infrasound propagation pattern of a surface point source including acoustic loss due to atmospheric attenuation and geometric spreading, modelled with
HARPA/DLR. The signal loss is colored and given in the relative unit of decibel. Bittner et al., 2010.

Fig. 7. Altitude profile of m2 based on (A2), the c altitude profile in Figure 1 (Walterscheid, 2003), and the τA altitude profile in Figure 2, (Walterscheid, 2003). 2π/ω = 3 min
(a), 4.2 min (b) and 5 min (c). Walterscheid et al., 2003.

to the life-time of the storm. Though this model has been
simplified, it still needs to account for 3-dimensional spatial
effects. The model domain has a radius of 650 km and an
altitude of 345 km, with a 125 km thick sponge layer, placed
below the upper boundary, to insure against wave reflections.
A grid is placed inside the domain with 2 km vertical spacing
and 1 km radial spacing. The specific storm being modeled
is the maritime continent thunderstorm complex near Darwin, Australia on November 22, 1988, known as Hector. It is
given a radius of 2 km with a lifetime of 20 minutes. Through
this model, it was determined that only acoustic waves with
periods less than 4 minutes and propagating nearly vertically
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were able to reach the thermosphere. Acoustic waves with
periods greater than 4 minutes get trapped in a thermal duct in
the mesopause and create a horizontally propagating acoustic
field that persists for approximately an hour.
Using these periods, the acoustic cutoff is calculated using
2 = c2 (1/2H)d(logH)/dz + 1/(4H 2 )
wA

where z is the altitude, H is the local scale height RT/g
with R the gas constant, g is the acceleration of gravity, T is
the temperature, and c is the sound speed. The wave number
m is then found using
Schulthess
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2
c2 m2 = w2 − wA

where c is the sound speed, w is the wave frequency,
2 is the acoustic cutoff frequency. See Figure 7, where
and wA
A2 references this equation to find the wave number. (Walterscheid, 2003).

5. Challenges and Future Prospects
In previous sections, specific challenges have been discussed,
and some possible numerical solutions to those challenges
are addressed. One of the biggest challenges is trying to account for the complexity of the variables that affect acoustic
wave propagation. Bowman et al. 1971 mentions the effect
that temperature and humidity could have on acoustic waves.
In the studies on earthquakes as acoustic wave sources, rupture is presented as a challenge as it is hard to account for
(Inchin et al. 2021). As these problems are studied and solutions are found, the detection of acoustic waves in the upper
atmosphere will need to be more precise, leading to a better
understanding of their sources. This would potentially allow
us to use acoustic wave measurements as a form of early detection for earthquakes, storms, and other geo-hazards. There
is also the possibility to use acoustic waves to study sources
that don’t originate in the troposphere, such as meteorites.

6. Summary
In summary, acoustic waves are almost always generated
with gravity waves when the source is tropospheric. They
are easy to differentiate because they are separated by the
Brunt-Väisälä frequency. Acoustic waves that reach the upper atmosphere cause temperature perturbations in the hydroxyl layer that can be measured in a variety of waves. This
can be used, in tandem with numerical modeling, to find the
source of those acoustic waves. Not only would this identify the source location, but also catagorize the source, e.g.,
explosions, earthquakes, storms, etc. The information provided by future studies of acoustic waves and their sources
may improve early detection of natural disasters.
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